Most notably, we argue for constant ionization parameter, uniformly accelerated outflow of clouds that are individually stratified in ionization, and the interpretation of emission-line width correlations with ionization potential as a column density effect. For comparison with previous observational studies, such as our own in a companion paper, we also calculate profile parameters for some of the models, and we present and discuss the resulting line width correlations with critical density (ncrt and ionization potential (IP) . Because the models we favor are those that produce extended profile wings as observed in high spectral resolution studies, the line width correlations of our favoured models are of particular interest. Line width correlations with n, and/or IP result only if the width parameter is more sensitive to extended profile wings than is the full width at half-maximum (FWHM). Correlations between FWHM and n, and/or IP result only after convolving the model profiles with a broad instrumental profile that simulates the lower spectral resolution used in early observational studies. The model in agreement with the greatest number of observational considerations has electron density decreasing outward from n e _ 106 cm-3 to n e _ 102 cm 3 and, due to collisional de-excitation effects in the lowest velocity clouds, it generates broad flat-topped profile peaks in the lines of lowest critical density (e.g., [ O It] 23727 and IS n] 226716, 6731). Because the observed profile peaks of both low and high critical density lines are often very similar, our favored model requires a contribution to NLR emission-line spectra from low-velocity, low-density, and low-ionization gas not included in the model NLR.
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INTRODUCTION
The models presented in this paper are intended primarily to complement observations presented in a companion paper (Moore, Cohen, & Marcy 1996, hereafter Paper I). The models are also suitable for comparison with other observational studies, such as those of De Robertis & Osterbrock (1984 , 1986 ) and Veilleux (1991a) . In this paper, we illustrate the pronounced effects that collisional deexcitation and spatial variations in both the ionization parameter (F) and cloud column density(Ncol) throughout the narrow-line region (NLR) have on NLR model profiles. By comparing the model profiles with those observed, we infer the extent to which these effects are likely important in the observed profiles presented in Paper I and elsewhere. To strengthen further the connection with previous observational studies, we also calculate profile parameters for some of the models, and we present and discuss the resulting line width correlations with critical density (n,) and ionization potential (IP) in § 5.
The first treatment of NLR kinematics that allowed for gradients in both the electron density and the cloud velocity across the NLR, and which included photoionization calculations rather than making very simple assumptions regarding emission-line luminosity across the NLR, was that of Whittle (1982) . Since Whittle's work, there have been two important observational results adding new constraints on NLR models, suggesting that a new treatment of NLR kinematics is appropriate.
First, the very high dispersion (10 km s -1) and high signal-to-noise ratio (S/N) profiles of Veilleux (1991a) show well-resolved extended wings. This requires not only line emission over a wide range of cloud velocity, but also a shallow radial dependence for the line emission so that neither the lowest nor the highest radial velocity clouds dominate the contribution to the line profile (see Moore & Cohen 1994, hereafter MC) . Second, we showed in Paper I that a wide range in velocity can be inferred from both low and high nor lines and from lines with very different sensitivity to ionization parameter. Together, these two observational results greatly constrain NLR models. In fact, the models discussed here are somewhat overconstrained in that no single model can satisfy all the observationally imposed constraints. Specifically, the model that is consistent with the greatest number of observational considerations cannot account for the fact that, in some objects, the similarity in profiles of both low and high n, lines applies to the profile cores as well as the wings. This is discussed further in _ 3 and 6. 30t 2.
CALCULATING THE LINE PROFILES
In this section, we describe our procedure for calculating line profiles. In Appendix A of MC, we described this prohttps://ntrs.nasa.gov/search.jsp?R=19970022943 2020-01-12T01:10:11+00:00Z cedure for thepurpose of comparison withthe analytical model profiles presented there. An appropriate portionof thedescription issummarized here forconvenient reference. A spherically symmetric NLR is assumed in all thefollowingmodels, eventhoughbiconical emission is clearly resolved in somenearbynarrow-line regions(NLRs). In MC,weshowed thattheprofilewings arenotverysensitive to either theopening angleor totheorientation ofa biconicalstructure containing alltheobserved lineemission, providedwerescale the velocityfieldso that themaximum cloudvelocitythatcontributes to the lineprofileis fixed. Thus, aslongaswearecautious regarding inferences based ontheobserved profilecores, theresults of ourspherically symmetric models areapplicable to abiconical NLR.Little information is lost by considering onlyspherically symmetric models andthecorresponding profilewings because it is unrealistic to assume purelyradialcloudflowfor the lowest aswellasthehighest velocity clouds. In thispaper, wewill alsodemonstrate thatthepredicted effects ofspatial variations in theelectron density, ionization parameter, and columndensity aresufficiently pronounced thatourmost importantconclusions will not likely be invalidated by including secondary, nonradial components of thevelocity field.
In these models, weincorporate explicit photoionization calculations toderivelineprofiles of [O n] 
In equation (1), s is the cloud size, n is the proton number density at the front of the cloud, nct is the number of clouds per unit volume throughout the NLR, vz is the measured projected velocity of interest, and v(x) is the radial velocity. The cosine of the polar angle is #(vz, x), which equals Vz/V(X), as follows from the delta function that selects the projected velocity of interest (MC), and (9 = 1 if its argument is less than 1 in absolute value and 0 otherwise. Here F is the ionization parameter.
As in MC, we adopt Ferland's (1989) definition of the dimensionless ionization parameter, F, as essentially the ratio of incident ionizing photons to protons. Formally,
where vo is the threshold for ionizing hydrogen, nn is the proton number density (the definition includes both ionized and neutral hydrogen), and r is the distance from the photoionizing source. The flux, a, into each emission line is determined from a two-dimensional quadratic spline fit to line strengths computed using the photoionization code CLOUDY, kindly provided by G. Ferland. We assumed stratified clouds for all models in the two-dimensional grid (see MC for more details). As in Paper I, we use the term "stratified cloud" to denote a cloud that is individually stratified in ionization. We assume s2(x) _: n-2/3(X) (constant mass spheres), nd oc 1/[x2v(x)]
(continuity), and that the cloud velocity is 
where 6 is the depth of the emitting crescent relative to the cloud radius (see MC). The preceding scale factors are valid to the extent that the second term in the right-hand side of equation (2) 
where (after normalizing the peak to unity)
/_ = (c_' + 1)/_, and
The measured projected velocity of interest is Vz, and Vm_. and Vm__ are the minimum and maximum radial velocity in the NLR, respectively. The above assumes a velocity law, v oc r ", and an emissivity law, E Qcr'', where E is the line emission in units of ergs s-l cm-3. This expression yields profiles with fiat-topped profile peaks of half-width Vmi.. For the particular case of constant-mass spherical clouds of constant ionization parameter obeying the equation of continuity,
The model profiles are presented in Figures  1-13 . The solid line in each figure represents a model profile after convolution with a a = 10 km s _ Gaussian, corresponding to the level of thermal broadening of 104 K gas, and thus to the highest practical spectral resolution of any observational study. The dashed lone represents a model profile after convolution with a a = 32 km s-_ Gaussian, corresponding to the spectral resolution in the red of our own study (Paper I). The column density at r = rm_°is higher than what is actually required to maintain an [O I] zone throughout this NLR in order to correspond as closely as possible to a larger model NLR in which an outwardly decreasing N_ol requires a higher N_om at r = rmi. (e.g., model 3). There is no obscuration in this model. Note that nm_. and F(r = rmax) fiX rmax at 225 pc, and _'lrnin , _1,and rmin/rma x fiX n(r = train) _-F/maxat 104 cm -3.
The resulting line profiles are presented in Figure 1 . This model, which corresponds to an analytical model with = -1.7 (see MC) and Vm_, = 50 km s l, produces profiles Table 1 . This model replicates the observed extended profile wings but does not include n, _>106 cm-3 gas, as required by the [O m] lines in many objects. Solid lines represent the model profiles after convolution with a a = 10 km s-* Gaussian, corresponding to thermal broadening of T = 104 K gas. Dashed lines represent the model profiles after convolution with a o = 32 km s-1 gas, corresponding to the spectral resolution in the red of our own study (Paper I). 
FIG. t--
The line profiles of model 3, an outflow model. This model includes a wider range of cloud velocities than does model 2, resulting in more pronounced wings in the former. Model 3 is otherwise identical to model 2 except for a modest increase in the cloud column density and a modest decrease in the ionization parameter, the latter achieved by increasing slightly the distance between the NLR and the central source. Specific model parameters are provided in Table 1 . We postulate that model 3 is representative of objects that do not show correlations of line width with ionization potential. Note that this model cannot account for the similarity in profiles of lines with low and high critical density, observed in some objects.
velocity.
Here v oc r 1/2 and F = 0.3 throughout the NLR. The profiles of model 3 are similar to those of model 1 in that both models encompass similar ranges of velocity. The difference is that the range of velocity in model 1 is sampled over a narrow range of radial coordinates and the constraint of high-density gas is violated. In model 3, the electron density decreases outward from 10 6 to 10 2 cm -3, while Nco _ decreases outward from 2 × 1024 cm -2 to 4 x 1021 cm -2. Note, however, the effects Model 9. Model 9 (Fig. 9) is a conventional gravitational inflow model (_ = -0.5) with density and ionization Table 1 . We postulate that model 4 is representative of objects that show correlations of line width with ionization potential if the width is defined by a parameter that is sensitive to extended wings. In addition, this model does not include n >_ 10 6 cm-3 gas.
Model 10. This model (Fig. 10) illustates the effects of Table 1 . This model is similar to model 4 but includes a smaller range of radial coordinate and velocity, resulting in a correlation of FWHM with ionization potential that is only barely discernible. In addition, due to the smaller range in radial coordinate, this model NLR does not include ne > 106 cm-3 gas as required by the [O m] lines in many objects. We have also included obscuration by a dusty intercloud medium. The treatment of obscuration is identical to that of Vrtilek (1985) 
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The line profiles of model 6, an outflow model. Model 6 is identical to model 5, but we have convolved the resulting profiles with a Gaussian with FWHM = 150 km s-1 (2.5/k at 5000/_) to illustrate the effects of lower spectral resolution. The extended wings in the line profiles of high ionization now have a discernible effect on the FWHM, as well as on a width parameter that is sensitive to extended profile wings. this paper, the profiles may seem not too different from those of Mrk 841 ( § 5.4 of Paper I), provided we rescale the flux in the Fe lines by a large factor. However, a simple scaling of the Fe lines that has little effect on the other lines, is inconsistent with the large column density assumed in the model.
Model 1/.--Model
11 (Fig. 11) is a gravitational inflow model (_ = -0.5) with constant ionization parameter. We have already rejected this type of model in the discussion of the analytical models (MC) because the flux in the profile wings is dominated by that in the core. Model 12.--Model 12 (Fig. 12) is the same as model 11 except that Nool at the innermost radius has been decreased from 3 x 1024 cm -2 to 1023 cm -2. Interestingly, this model , . _.. This model is similar to model 7, but the range of density and radial coordinate and velocity is increased. This model illustrates that if the NLR includes a range of radial velocity as large as two decades, then it is difficult to produce profiles with comparable flux in the wings and core, as observations require. In model 8, the profile wings are dominated by the low-velocity core. Table 1 . Model 9 is a classical gravitational inflow model with electron density and ionization parameter decreasing outward as 1/r, and with velocity decreasing outward as r-0.5. The profiles of this model are not unreasonable except for that of I-Fex] 26374, which is especially sensitive to the decreasing ionization parameter. In addition, this model includes only low-density gas (nm, = 104 cm-3),contrary to the [O m] profiles for a wide range of NLR models, and the predicted line width correlations resulting from our model profiles have some interesting implications, which we discuss in this section, for the observational studies enumerated above.
In Figure 14 we plot IPV (20%) versus both n, and IP for models 3, 4, 9, and 13 ( § 3). Note the considerable scatter, even with zero uncertainty in the measured widths. Although scatter is expected, even in synthetic correlation plots, because the assumption of a specific spread in cloud velocities corresponding directly to a specific IP and/or no, was never intended to apply more than qualitatively, the amount of scatter is greater than we would have anticipated. We noted in Paper I that our formal errors were well within the scatter in the widths calculated from our observed profiles. As discussed in § 3, we consider model 3 as a prototype of a model that shows correlations of line width with neither IP nor no,. Model 4, which differs from model 3 only in that the cloud column density is slightly smaller, is the prototype of a model that does show correlations of line width with Table  I. IP/nc,. However, only if the widths of the lowest nc, lines ([O n] 23727 and [S n] 26731) were decreased significantly would the line width plot for model 4 (or 3) roughly match correlations (or lack thereof) presented in observational studies. Here and in Paper I, we have already discussed why our favored models require emission from low-velocity and low-density gas outside the (parameter space of the) model NLR, so the dilemma posed by the large [O n] and [S 1I] line widths is entirely expected.
Model 9, a conventional gravitational inflow model with n (and £) oc l/r, yields the tightest correlation of line width with IP/nc, of any model we have calculated.
Indeed, the correlation of IPV (20%) with IP is far tighter than any correlation we have seen in the literature.
The greatest difficulty with model 9 is that the total flux in the [Fe] lines is far weaker than that observed, desite choosing a high ion- In Figure 15 we plot the FWHM of emission lines versus both nor and IP for models 5 and 6. These models are identi- I,,,,l,,,.I,,,,I,,,,l,,.,I ,.,, to all objects, however. Nevertheless, we assume that the same physical processes are at work in objects for which we can and cannot infer the presence of high-density gas. Therefore, if the constraint of high density leads us to conclude that v oc r 1/2 and ne oc 1/r 2 in some objects, then we assume that these velocity and density laws are applicable in all objects. That is, we assume that objects for which we can and cannot infer the presence of high-density gas may differ in n .... but do not differ greatly in v(r) and %(0.
A related point is that in some objects, the increase in flux with decreasing projected velocity is more rapid than for the profiles we have emphasized throughout this paper (and MC (Busko & Steiner 1988 , 1989 Veilleux 1991c; Whittle 1992a Whittle , 1992b Whittle , 1992c Nelson & Whittle 1994 [-S n] and [O n] emission might come from H xI regions or may even come from the outer parts of a dusty torus. The possibility of low-ionization forbidden-line emission from a torus warrants further study. For example, based on observed 21 cm absorption and on upper limits to molecular absorption, it has been calculated that a significant fraction of the gas in the dusty obscuring torus in Cygnus A could plausibly be in a hot (5000-10,000 K), mostly atomic phase (see Conway & Blanco 1995, and references therein). We have assumed also that the high-velocity profile wings are emitted within the model NLR, whatever the implications for the low-velocity profile core, This is a justified bias in that many physical processes (some of which are enumerated in MC) certainly affect the profiles at the level Of Vmi,. More importantly, the observed blue asymmetry constrains the highest velocity clouds in a model NLR to move primarily in the radial direction regardless of the nature of the velocity field at low
